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E ver since the days of the ancient 
Greek atomists, the notion that 

matter is made up of tiny fundamen
tal elements has dominated the 
history of scientific theories. Elemen
tary particles (and now strings...) are 
the latest in this chronological list of 
fundamental objects. 

Our notions of what a physical 
theory should be like, and what 
precisely "matter is made up of..." 
really means, have evolved with the 
years, undergoing a profound revolu
tion with quantum mechanics. Phys
ics is now dealing with scales that 
are many orders of magnitude 
smaller than wavelengths of visible 
light, and quantum mechanics 
implies that macroscopic intuition is 
totally irrelevant at those scales. The 
layman, however, keeps insisting that 
"seeing is believing". 

One of the greatest scientific 
inventions of all times, the micro
scope, allows the scientist to show 
what he or she is talking about, 
thereby suspending natural disbelief. 
The public of this generation is no 
longer disoriented by images coming 
from sources other than visible light, 
which extend the range of our vision. 
We are flooded with X-ray or infrared 
pictures, ultrasound and NMR, to 
name just a few. We have all even 
seen a microwave picture of the 
universe. The electron microscope, 
and more recently the Scanning 
Tunneling Microscope, are therefore 
as effective as their predecessors in 
convincing that what they show is 
real. 

The Scanning Tunneling Micro
scope (STM) has, in fact, brought the 
atom down to earth. It is no longer 
that mysterious unattainable spirit it 
was until several years ago. The 
interpretation of an STM image is far 
from being straightforward: the dots 
in the picture are not real objects, 
and the picture represents a tedious 

A Scanning Tunneling Microscope (STM) 
image of gallium arsenide. The STM has 
revolutionized our view of the microworld. 
(Photo France Telecom/CNET Paris B/ 
Bagneux Laboratory/Park Scientific Instru
ments) 

procedure of data collection and 
reconstruction, not an instantaneous 
flash. But that does not seem to be 
an insurmountable mental obstacle. 
What is important is that the image 
respects the basic concept of space. 

The accumulated weight of over
whelming experimental evidence 
confirming the quantum theory of the 
atom since the beginning of this 
century has not had the same impact 
on the public as several of the recent 
well-publicized STM images. This, in 
my opinion, is due to the non-spatial 
aspect of the individual pieces of 
data collected previously. 

The situation for elementary parti
cles is much worse. Rutherford's 
alpha particles probed the nucleus of 
the atom in 1911, and present-day 
accelerators go deep inside the 
nucleons, but they are not "micro
scopes" in the good old-fashioned 
sense of the term. Worse still, 
accelerators tend to destroy the 
object of their observation, leaving 

dozens of pieces of debris flying 
around. And if this is not bad 
enough, the debris are particles not 
in any way more elementary than the 
ones they came from. Does that 
mean that the accelerator is the 
wrong way to study elementary 
particles, or conversely that there is 
no possible visual representation of 
the sub-atomic world? The answer 
to both questions is no. Quantum 
mechanics is rich enough to accom
modate both approaches. 

The Atom, First Quantization and 
Quantum Mechanics 

In quantum mechanics, particles 
are "smeared" in space. Moreover, 
the quintessential Heisenberg uncer
tainty principle implies that dual 
quantities, such as position and 
momenta, cannot be accurately 
determined at the same time. If we 
equate pictures with positions, the 
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first statement suggests that they 
must be somewhat smudged, and 
the second indicates that their 
animation will suffer from the "drunk
ard" effect, i.e. particles moving in a 
rather disorderly fashion. The above 
statements are often presented 
negatively. "Quantum mechanics 
cannot be visualized", some would 
even say. Examined more closely, 
this does not seem to be a persua
sive argument. 

First, not all systems are substan
tially smeared, and even when they 
are (such as in the STM pictures), 
there is a nice touch of mystery to it. 
Second, let us not forget the elastic 
concept of scale. When we depict 
particles, we obviously blow up 
space by factors of at least 10 1 3 . 
When we animate them, we slow 
time by factors of about 10 1 0 . For 
illustrations, the Planck constant 
governing the "drunkard" effect can 

also be scaled at will without causing 
too much confusion. 

Quantum mechanics speaks the 
language of wave functions, solutions 
of the Schrodinger equation. That is 
therefore the first thing one would like 
to visualize in a synthetic, or compu
ter-generated image. The wave 
function is a complex, multi-dimen
sional (one for each internal quantum 
number) function of a multi-dimen
sional space (d N for N particles in d-
dimensional space) and of time. 
Displaying all this information on a 
two-dimensional screen is not an 
easy task. In fact, it is in general 
impossible. One is forced to choose 
a subset of the available information, 
such as a scalar function. Scalar 
functions are easy to display using 
shades of grey (typically 2 8 per pixel). 

For the display of electrons in a 
quantum atom, a possible choice of 
function is the electric charge den

sity, proportional to the probability of 
finding an electron at a given point in 
space. This choice has the advan
tage of conveying the "cloudy", or 
probabilistic, aspect of quantum 
mechanics. Its main disadvantage is 
the fact that in stationary energy 
eigenstates the probability functions 
do not vary with time, and the dy
namics of the system are hidden. 
What we do in our animations to 
solve this problem is introduce a time 
dependent perturbation in the form of 
a small charge attached to the 
exploring "camera". 

Colour (typically 2 2 4 values per 
pixel) may be used to enliven the 
visual aspect of the scalar function 
or, more interestingly, to represent 
internal quantum numbers. Time 
evolution is then depicted by colour 
flow, as well as brightness variations. 

The probability density is by no 
means the only possible choice of 
observable. Other scalar functions 
(such as the potential) may be used 
as well to illustrate other aspects of 
the system. Some choices stress the 
particle-like representation, while 
others stress the wave-like structure. 
Dynamics are sometimes best 
illustrated by vector functions (such 
as the electrical- or probability 
current density), displayed with the 
help of little arrows. 

Elementary Particles, Second 
Quantization and Quantum Field 
Theory 

Following the historical develop
ment of quantum mechanics, we 
should now introduce quantum field 
theory, a theoretical framework 
allowing particles to emit and absorb 
others. While initially developed, 
under the name of Quantum Electro
dynamics (QED), to describe the 
interactions of electrons and photons, 
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...a nucleus of carbon. 

its effects are much more pro
nounced when applied to the strong 
interactions. The building blocks of 
the corresponding field theory, 
Quantum Chromodynamics (QCD), 
are quarks and gluons. They are 
constantly produced and annihilated 
inside hadrons, but can never be 
observed in isolation. The underlying 
dynamics of this confinement pro
cess are not yet well understood. 
Elucidating such a cryptic theory is 
the ultimate challenge of visualiza
tion. Ironically, this is precisely 
where invisibility is the subject 
matter. 

Feynman diagrams are by far the 
predominant visual tool in the domain 
of elementary particles. It is hard to 
imagine the field without them. 
Unfortunately, in their simplest form 
they correspond to the less intuitive 
momentum space (as opposed to 
space-time) representation of the 
theory. In addition, Feynman dia
grams are only a perturbative tool, 
while the structure of hadrons is a 
highly non-perturbative phenomenon. 

As a first step towards a satisfactory 
visualization tool of quantum field 
theories, we developed a simple 
method based on a "gedanken" 
measurement process, which locally 
probes the virtual particle composi
tion of the wave function. As in 
quantum mechanics, the observation 
process projects out one of the 
components of the wave function, 
according to a calculable probability 
distribution. Once an observation 
has been performed, the system is 
again left on its own till the next one 
comes along. 

The animations created this way 
look a lot like "living" Feynman 
diagrams: particles follow crooked 
lines (due to the uncertainty princi
ple), until they emit or absorb other 
virtual particles. 

The main disadvantage of this 

approach is that the measurement 
needed for such an intimate probe 
perturbs the system in a fundamental 
way. The pleasant feature is that 
animations can be performed even 
when nothing is known about the 
physical properties of the theory 
apart from its governing equations. 
The value of these animations as 
simulations of physical systems is in 
these cases very limited, but it does 
turn out to be a useful popularization 
and pedagogical tool, and may lead 
to further insight. 

Based on our visualization method 
we created some computer animated 
films: 

® "Generating a Proton", describing 
the hadronization process out of 
three valence quarks, 

® "Not so Elementary, the Proton", 
a voyage through the electron cloud 
around the atom, and into the proton. 

The simulations portrayed in the 

films treat thousands of virtual 
particles, experiencing tens of thou
sands of interaction events. They 
demanded weeks of computing time 
on Silicon Graphics workstations. 

The general public seems to be 
rather interested in the intricacies of 
the world of elementary particles, as 
we found from the popularity of our 
animations. The deepest pedagogi
cal impact, as well as entertainment 
value we experienced to date, is 
however in the emerging domain of 
virtual reality. This technology, 
allows interactivity as well as total 
immersion in a magical realm. 

Our virtual reality piece "HEUS" 
(Hot Early Universe Soup) recreates 
a quark-gluon plasma environment, 
the state of the universe a millionth of 
a second after the big bang. The 
interactive viewer can navigate in a 
pre-computed data base, or, in other 
words, fly among the particles. He or 
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Geneva 23, Switzerland). 
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conference organizers, con
templating lengthy efforts 
(more than about 500 words) 
should contact the Editor (by 
e-mail, or fax +41 22 782 1906) 
beforehand. 

Correction 

The caption accompanying the 
photograph in the June issue 
(page 32) illustrating the Direc
tor-General's discussions 
during his recent visit to China, 
with government representa
tives, was incorrect. The photo
graph used was not taken 
during Professor Llewellyn 
Smith's discussions with the 
President of the Peoples' 
Republic of China Jiang Zemin, 
as stated in the caption, but at 
his meeting with Qiao Shi, 
Chairman of the Standing 
Committee of the National 
People's Congress of China. 
Our profound apologies to all 
concerned. 
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she may choose a virtual particle to 
ride, and follow it to its fate, which in 
general arrives quite fast. The 
particle emits others and changes 
identity, or disappears in an annihila
tion process. The fun ends with the 
formation of hadrons from the 
quarks, anti-quarks and gluons. For 
thousands of viewers, HEUS was the 
first encounter with particle physics. 

Today's visualization technology is 
already capable of enhancing scien
tific literacy, and contributing to 
physics education. It has proven to 
be an indispensable analysis tool in 
experimental high-energy physics, 
and has replaced the tons of compu
ter listings in virtually all domains of 
science and engineering. Abstract 
mathematicians are also slowly 
succumbing to its charm. We hope 
that with some more effort and 
creativity, and perhaps even more 
powerful computers, images will find 

their natural inspirational role in 
theoretical elementary particle 
physics as well. 
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Expo, and in several television 
programmes. The film "Not so 
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..a nucleus of silicon.. 
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